WHAT'S KNOWN ON THIS SUBJECT: Childhood interstitial lung diseases occur in a variety of clinical contexts and are associated with high morbidity and mortality. Advances in the understanding of disease pathogenesis and use of standardized terminology have facilitated increased case ascertainment.
RESULTS:
A total of 93 cases were identified, of which 91.4% were classifiable. A total of 68.8% (64/93) of subjects underwent lung biopsy in their evaluations. The largest classification categories were disorders related to systemic disease processes (24.7%), disorders of the immunocompromised host (24.7%), and disorders more prevalent in infancy (22.6%). Eight cases of neuroendocrine cell hyperplasia of infancy (NEHI) were identified, including 5 that were previously unrecognized before this review.
CONCLUSIONS: Our findings demonstrate the general scope of childhood ILD and that these cases present within a variety of pediatric subspecialties. Retrospective review was valuable in recognizing more recently described forms of childhood ILD. As a significant portion of cases were classifiable based on clinical, genetic, and/or radiographic criteria, we urge greater consideration to noninvasive diagnostic approaches and suggest modification to the current childhood ILD classification scheme to accommodate the increasing number of cases diagnosed without lung biopsy. Pediatrics 2013;132:684-691 AUTHORS: Jennifer J. Soares, MD, a Gail H. Deutsch, MD, Dr Soares conceptualized and designed the study, designed the data collection instrument, performed data acquisition and analysis, and drafted the initial manuscript; Dr Deutsch contributed to the study design, performed the pathology review, and contributed to data analysis and drafting of the manuscript; Dr Moore contributed to the study design, data acquisition, and drafting of the manuscript; Dr Fazili contributed to the data acquisition and drafting of the manuscript; Drs Austin, Brown, and Hilmes contributed to the study design, data acquisition and analysis, and drafting of the manuscript; Dr Sokolow contributed to data acquisition and drafting of the manuscript; Dr Young conceptualized and designed the study, contributed to data acquisition and analysis and writing of the manuscript; and all authors approved the final manuscript as submitted. Accepted for publication Jul 24, 2013 Childhood interstitial lung diseases (ILD) are a heterogeneous group of diffuse lung diseases characterized by abnormal imaging findings and impaired gas exchange. 1 These disorders occur in a variety of clinical contexts and are associated with high morbidity and mortality. 2, 3 Advances in the understanding of disease pathogenesis in addition to standardization of terminology and classification of childhood ILD have facilitated increased case ascertainment and further studies. 4 Over the past 2 decades, the scope of childhood ILD was initially described through the experience of large singlesite referral centers 2, 5, 6 and more recently through national and international collaborative efforts. 4 These lung biopsy cases were used to establish a histopathologic classification system of pediatric diffuse lung disease, an advancement that standardized terminology and emphasized forms of ILD unique to young children.
With recent advances in molecular genetics and imaging technology, some forms of childhood ILD are now diagnosed by a combination of clinical, genetic, and imaging features without lung biopsy and thus fit poorly into a classification scheme based largely on histopathologic criteria. These genetic diagnoses include surfactant metabolism defects, such as mutations in the genes encoding surfactant proteins B and C (SFTPB, SFTPC), the adenosine triphosphate binding cassette A3 (ABCA3), and the gene encoding the thyroid transcription factor 1 (NKX2.1/TTF-1). [11] [12] [13] [14] [15] [16] Furthermore, computed tomography (CT) scan patterns have been shown to be specific for several types of ILD, 17, 18 including neuroendocrine cell hyperplasia of infancy (NEHI), enabling diagnosis without lung biopsy in some cases. 19 Thus, the routine use of lung biopsy to diagnose and characterize ILD in children may no longer be the standard of care, although the classification scheme is predicated upon this information. 4 Recent studies of childhood ILD have been performed at specialized referral centers. As such, the applicability of these findings to general pulmonary practice has been uncertain. The objective of this study was to determine the historical occurrence of diffuse lung diseases at a moderately sized children' s hospital previously without a formal pediatric ILD referral center, to provide information about the scope of childhood ILD.
METHODS
We conducted a comprehensive retrospective review of children younger than 18 years of age who were evaluated for ILD at Vanderbilt Children' s Hospital from 1994 to 2011. Cases were identified based on clinical and surgical billing queries using current International Classification of Diseases-9 and Current Procedural Terminology codes, enabling case ascertainment both by clinical diagnoses and by history of lung biopsy for diffuse lung disease. Cases received after formal establishment of an ILD clinic at our institution in 2012 were not included. This study was approved by the Vanderbilt University Institutional Review Board (IRB#120438).
Available clinical data, chest imaging, and lung biopsies were reviewed. External pathology over-read was performed for all available non-immunocompromised cases using the Aperio slide scanning system (Vista, CA) by 1 investigator (Dr Deutsch). The current classification scheme for diffuse lung disease in children was applied to the cases identified. 4 The severity of illness scale introduced by Fan et al 2 was used for classification of subject status. Previously performed genetic testing results were reviewed, but additional genetic investigations were not performed in the context of this retrospective study. Data are reported as median and interquartile range (IQR). Statistical analysis was performed by using GraphPad Prism (San Diego, CA).
RESULTS

Study Subjects
A total of 93 cases of diffuse lung disease were identified at our institution during the time period ranging from 1994 to 2011. The majority of cases were identified from the secondhalf of the study time period, with only 13 (20.3%) of the lung biopsies performed and 9 (34.5%) of nonbiopsy cases initially presenting from 1994 to 2002. As a point of reference, our Cystic Fibrosis Center registered 165 pediatric patients in 2006 and 213 patients in 2011. The clinical characteristics of the ILD study cohort are displayed in Table 1 . Subjects diagnosed at younger than 1 year of age had overall greater severity of illness at presentation compared with older subjects.
Use of Chest CT and Lung Biopsy in Diagnostic Evaluation
A total of 83 (89.2%) subjects underwent chest CT as part of clinical evaluation, and 64 (68.8%) underwent lung biopsy. In 25 (26.9%) subjects, therapeutic intervention was attempted before lung biopsy, including systemic corticosteroids (n = 14; 56%), other immunomodulatory therapies (n = 4; 16%), or both (n = 7; 28%). The use of CT scan and lung biopsy were similar in subjects #1 year of age compared with those .1 year of age at evaluation.
Five subjects underwent lung biopsy without previous chest CT, including 1 infant who was diagnosed with alveolar capillary dysplasia with misalignment of the pulmonary veins (ACD-MPV) and another with severe lung growth abnormality. We also identified 5 subjects with childhood ILD based on clinical and/or genetic testing alone, without either chest CTor lung biopsy, including 1 with ABCA3 deficiency, 1 with hypersensitivity pneumonitis, 1 with granulomatosis with polyangiitis (Wegener), 1 with Goodpasture syndrome, and 1 with a family history of interstitial pneumonitis of unclear etiology whose case was deemed unclassifiable.
Diagnoses and Classification
As shown in Fig 1 , 85/93 (91.4%) cases were classified using the structure of the current classification system, with the addition of a non-biopsy cohort. The majority (87.1%) of cases were assigned specific diagnoses within these categories (Supplemental Table 2 ). External pathology over-read resulted in identification of 1 previously unrecognized case of NEHI (previously considered follicular bronchiolitis and possible aspiration), diagnosis of lung growth abnormality in 1 case (previously considered non-diagnostic), and recognition of patchy pulmonary interstitial glycogenosis (PIG) in 1 case (previously diagnosed as only lung growth abnormality) (Fig 2) . In addition, pathology rereview was confirmatory for 4 cases of NEHI retrospectively identified based on characteristic radiographic features. For the remaining cases, the pathology over-read was consistent with the classification assigned based on the original clinical pathology evaluation.
Disorders More Prevalent in Infancy
A total of 21 (22.6%) cases were classified as "disorders more prevalent in infancy." There was 1 case of ACD-MPV, 4 cases of lung growth abnormality, 8 cases of NEHI, 1 case of PIG, and 7 cases of surfactant metabolism disorders. Most cases (n = 13; 61.9%) in this category were indeed diagnosed in children younger than 1 year of age. Six subjects (1 unknown surfactant mutation, 1 with ABCA3 mutations, and 4 NEHI) were 2 years of age or older at time of diagnosis, although all had symptoms in the first year of life.
Neuroendocrine Cell Hyperplasia of Infancy
From the historical clinical records, there were 3 cases of NEHI previously diagnosed at our institution based on lung biopsy. One of these subjects had relatively diffuse ground glass opacities on chest CT scan, which influenced the decision to pursue lung biopsy (Supplemental Fig 5) . Through this retrospective study we identified an additional 5 subjects who met criteria for NEHI based on history and typical CT findings (Fig 3 and Supplemental Table 3 ). Four of these 5 subjects had undergone lung biopsy, with originally assigned pathologic descriptions of chronic bronchiolitis, follicular bronchiolitis, normal parenchyma with mild follicular bronchiolitis, and nonocclusive bronchiolitis obliterans with associated follicular bronchiolitis. Rereview of these 4 lung biopsies confirmed histologic criteria for NEHI. NEHI cases thus comprised 9.7% of our total study population.
Surfactant Metabolism Disorders
Seven cases of surfactant metabolism disorders were identified (7.5% of total). A spectrum of radiographic findings was observed (Fig 4) . Four cases had undergone lung biopsy and demonstrated findings characteristic of surfactant mutations, including type II pneumocyte hyperplasia with significant alveolar macrophage accumulation, cholesterol clefts, or some degree of alveolar proteinosis. 4 There were 2 cases with confirmed disease-causing ABCA3 mutations and 3 cases with disease-causing SFTPC mutations (Supplemental Table 4 ). Two cases classified as disorders of surfactant metabolism based on consistent histology remain without an identified genetic etiology at this time. Figure 4 G, H, and I demonstrates 1 case that is highly suspicious for disease attributable to a NKX2.1 mutation based on the history of chronic, severe lung disease in the setting of congenital hypothyroidism with abnormal chest imaging and lung biopsy findings consistent with surfactant metabolism abnormality. The other undiagnosed case has clinical history, imaging, and lung histopathology consistent with a surfactant metabolism defect, although sequencing of ABCA3, SFTPC, and NKX2.1 were normal.
Disorders Related to Systemic Disease Processes
A total of 23 (24.7%) cases were classified as "disorders related to systemic disease processes." Almost all of these cases (n = 22) had diffuse lung disease associated with rheumatologic or alveolar hemorrhage disorders (Supplemental Table 2 ; Supplemental Fig 6) . Except for 1 patient with Gaucher disease, all presented for evaluation after 1 year of age. Only 8 subjects (34.8%) in this category underwent lung biopsy in their evaluations. Five cases (21.7%) were classified with contribution of a solid organ biopsy other than the lung (kidney, muscle), and the others were classified based on clinical history, serologic testing, and imaging.
Disorders of the Normal Host Presumed Immune-Intact
Thirteen (14%) cases were "disorders of the normal host." Of these, 11 cases underwent lung biopsy. The 2 cases that were classified without lung biopsy were a case of hypersensitivity pneumonitis attributable to minocycline use and a case of bronchiolitis obliterans after documented adenovirus infection (Supplemental Fig 7) .
Disorders of the Immunocompromised Host
A total of 23 (24.7%) cases were classified as "disorders of the immunocompromised
FIGURE 1
Study cohort classification distribution according to the current classification system for childhood diffuse lung disease. The classification scheme was also applied to the cohort who did not undergo lung biopsy (termed "non-biopsy cohort").
FIGURE 2
Case of lung growth abnormality with previously unrecognized pulmonary interstitial glycogenosis. A, Chest radiograph at 3 weeks of age from a late preterm newborn with trisomy 21, pulmonary hypertension, and respiratory failure at birth. Bilateral diffuse reticular opacities and atelectasis are present. B, Lung biopsy at 3 weeks of age shows deficient alveolarization with enlarged simplified airspaces and limited secondary septation (310, H&E). C, Patchy alveolar septal widening by immature round to oval mesenchymal cells is present, demonstrating findings of pulmonary interstitial glycogenosis (340).
host" based on history of malignancy for which they were receiving chemotherapy, a documented primary immunodeficiency, or history of bone marrow or stem cell transplant. Over half (12/23) of this population had infectious etiologies of their ILD (Supplemental Table 2 ). In both "normal" and immunocompromised hosts, infectious etiologies accounted for 18% of our cases of diffuse lung disease, a finding that is consistent with previous reports. 4, 20 Disorders Masquerading as ILD Two cases (2.2%) were classified as "disorders masquerading as ILD." One was a case of pulmonary venous stenosis in a 5-year-old, and the other was a case of pulmonary capillary hemangiomatosis in a teenager who presented with pulmonary hypertension and later required lung transplantation. 
Outcomes
Duration of follow-up was highly variable (24 months; IQR 8.3 months, 72 months) in this study based on the retrospective design and the time period involved. A total of 75 (80.6%) of cases were alive without lung transplant at the time of follow-up. Three subjects (3.2%) had undergone lung transplantation with the following diagnoses: alveolar hypoplasia with patchy PIG, SFTPC mutation, and pulmonary hemangiomatosis and pulmonary hypertension. Of the 15 subjects who died, the cause of death was pulmonary failure related to disease in 10 cases, non-pulmonary causes in 3 cases, and not documented in 2 cases. Of those subjects who died of their pulmonary diseases, 4 had "disorders more prevalent in infancy," including 2 with lung growth abnormalities, 1 with ACD-MPV, and 1 with ABCA3 mutations. Four deaths attributable to pulmonary disease occurred in subjects with "disorders of the immunocompromised
FIGURE 3
Twins with NEHI identified through retrospective review. A-D, Chest CT images obtained at 3 years of age in identical twins (A and B, Twin A; C and D, Twin B) with history of respiratory symptoms since 2 months of age. The presence of ground glass opacities in the right middle lobe, lingula, and perihilar regions, without other abnormalities, demonstrates a pattern consistent with NEHI. E and F, Lung biopsy from Twin B performed at 4 years of age shows near normal architecture with minimal peribronchiolar fibrosis and no significant inflammation (E, H&E, 310). Bombesin immunostaining (F, 320) was performed after this case was retrospectively identified based on the CT scan. Neuroendocrine cells (black arrow) were prominent in distal bronchioles, providing histologic confirmation of the diagnosis of NEHI.
host," including cases of pulmonary fibrosis status-post therapy for lymphoblastoid leukemia, radiation fibrosis after treatment of rhabdomyosarcoma with pulmonary metastases, hemophagocytic lymphohistiocytosis and Cytomegalovirus pneumonitis, and disseminated aspergillosis after bone marrow transplantation for acute lymphoblastoid leukemia. Two subjects with "disorders related to systemic disease processes" died of pulmonary complications, including 1 with dermatomyositis whose lung biopsy showed capillaritis and follicular bronchiolitis, and 1 with scleroderma with pulmonary venoocclusive disease and pulmonary hypertension.
DISCUSSION
The primary goal of this study was to determine the historical occurrence of childhood ILD at our institution and analyze cases according to the current classification scheme. As our hospital was not a designated pediatric ILD referral center during the study period, our intention was to provide information about the scope of childhood ILD that would more closely reflect pulmonary practice patterns at most children' s hospitals. This study represents an approach to ILD investigation that has not previously been undertaken outside of major ILD referral centers or multicenter studies. Additionally, we aimed to determine the clinical utility of the current childhood ILD classification system.
FIGURE 4
ILD attributable to surfactant dysfunction disorders. A, Chest CT image of a 30-month-old child with persistent retractions, tachypnea, and hypoxemia showing diffuse ground glass opacities and reticular opacities. Birth history was notable for brief requirement for supplemental oxygen. B, The subject' s lung biopsy performed at 30 months of age shows type II pneumocyte hyperplasia and dense accumulation of alveolar macrophages (340, H&E). The subject was later found to have 2 ABCA3 mutations (p.E292V/c.1742-9 G.A). C, A follow-up CT scan at age 18 years is remarkable for increased septal thickening and architectural distortion suggestive of fibrotic remodeling, although some ground-glass opacity persists. The subject died at age 19 years from respiratory failure. This subject' s genetic diagnosis was previously reported in the literature. 25 D and E, Chest radiographs of a term, 8-month-old infant with chronic retractions and feeding difficulties. The subject' s birth history was remarkable for respiratory failure requiring intubation, mechanical ventilation, and surfactant administration. Findings include hyperexpansion and right upper and middle lobe as well as left upper lobe opacities. Chest CT and lung biopsy were not performed, as clinical suspicion led to genetic testing first. ABCA3 sequencing revealed homozygous E292V/E292V mutations. F, Chest CT revealing irregular focal areas of ground glass opacities and septal thickening from a 1-year-old child with an SFTPC mutation (L181V). This child had history of tachypnea starting at day of life 2, and several subsequent hospitalizations for evaluation of tachypnea and poor feeding with intermittent hypoxemia. A family history of pulmonary fibrosis in older individuals prompted the genetic testing. G, Chest CT image from a 2-month-old former 34-week preterm infant with congenital hypothyroidism, persistent tachypnea, and hypoxemia. Diffuse ground glass opacities and interstitial markings suggestive of a surfactant dysfunction disorder are noted. H, The subject' s lung biopsy performed at 2 months of age shows deficient alveolarization and interstitial thickening (34, H&E). I, On higher magnification, findings include epithelial hyperplasia with hypercellular interstitial thickening and macrophage accumulation in the alveolar space consistent with surfactant metabolism defect (340, H&E). Genetic sequencing for SFTPB, SFTPC, and ABCA3 showed no mutations. As this case was identified retrospectively and before current knowledge of NXK2-1 mutations as a cause of ILD and the availability of clinical genetic testing, this subject' s NKX2-1 mutation status is not currently known.
We made several observations that have implications both for our patient population and also for the approach to future studies of childhood ILD. First, we found a spectrum of ILD cases that was similar to other published reports, 4, 7, 8, 20 suggesting that some of these disorders may be more prevalent than currently suspected, as they are likely to be found at all children' s hospitals, not only at large referral centers. Second, we achieved definitive diagnosis for previously unclassified ILD cases, highlighting the value of retrospective review. In particular, we identified 5 additional cases of NEHI, 1 case of PIG, 1 case with a lung growth abnormality, and 1 with suspected surfactant dysfunction. These diagnoses are associated with widely differing prognoses and some have genetic implications for families, underscoring the importance of defining specific ILD diagnoses.
NEHI is a form of childhood ILD that is now known to have well-defined clinical, radiographic, and histologic features. 4, 19, 21, 22 Of the 8 NEHI cases, 5 were recognized via the retrospective review process. Three of these 5 cases came to clinical attention before the original description of NEHI in the medical literature in 2005. 21 We suggest that cases that may be high-yield for review include children with unexplained lung disease presenting with chronic tachypnea and hypoxemia, and those whose lung biopsies were previously described as chronic bronchiolitis, follicular bronchiolitis, or "normal." NEHI comprised almost 10% of the total cases in our study. The incidence and prevalence of NEHI has not been established, although efforts are underway to develop a national registry for childhood diffuse lung diseases including NEHI. Based on our data, we propose that very broad participation from children' s hospitals, not simply those designated as "ILD centers," will greatly enhance case ascertainment.
It has been well recognized that there are types of ILD distinct to infants and young children. Almost one-quarter of our cases were classified as "disorders more prevalent in infancy." Furthermore, 52% of our population younger than 2 years of age at the time of diagnosis was classified in the infant disorders category, a proportion similar to the 60% reported in the original multicenter lung biopsy classification study by Deutsch et al. 4 Of the 21 cases in our cohort classified as "disorders more prevalent in infancy," only 6 were diagnosed in children presenting after 2 years of age. These data underscore the differing etiologic considerations for ILD in young children and the utility of this aspect of the classification structure.
The current childhood ILD classification system was developed based on clinical-pathologic criteria. This classification scheme does not provide guidance in the organization of cases in the absence of lung biopsy. We found that almost one-third of cases were classifiable based on clinical, genetic, and/or radiographic criteria without lung biopsy. The category most impacted by inclusion of non-biopsy cases was "disorders related to systemic disease processes," in which most (65%) were diagnosed based on clinical features, serology, and/or biopsy of organs other than the lung, such as the kidney. Surfactant dysfunction disorders are another subgroup in which there have been significant advances facilitating diagnosis without lung biopsy. In our cohort, 2 cases originally evaluated by lung biopsy were later found to have genetic etiologies (1 SFTPC mutation and 1 with compound heterozygous ABCA3 mutations). We also identified 2 additional cases with radiologic and histopathologic findings consistent with surfactant dysfunction in which genetic testing was not previously performed. Therefore, in the current era of clinically available genetic testing, we anticipate reductions in the numbers of surgical lung biopsies in this patient population. Lastly, in retrospect, 5 of the 8 NEHI cases met criteria for diagnosis based on clinical and radiographic findings, 19, 22 and therefore lung biopsy would be unlikely to be performed in the current clinical practice pattern at our center and others. 23 We recognize the limitations inherent to this type of retrospective study. First, it is likely that the occurrence of childhood ILD at our institution has been greater than the number of cases we identified by surgical and billing queries for case ascertainment. We anticipate that new InternationalClassification ofDiseases-9 codes will help to identify cases in future studies. 24 Furthermore, our cohort size and highly variable follow-up duration did not permit analysis of therapeutic efficacy, outcomes, and risk factors associated with morbidity and mortality. We believe that multicenter prospective studies will be required to address these questions.
CONCLUSIONS
While childhood ILDs are individually rare diseases, we have demonstrated that these disorders are likely to be found at most children's hospitals and that targeted retrospective review of previously undiagnosed cases, especially infants, is useful. Our findings also suggest that broad multicenter participation in future studies could facilitate case ascertainment and thus accelerate much needed progress in understanding the incidence, risk factors, and outcomes of various childhood ILDs. Lastly, with clinical availability of genetic testing and improved pattern recognition on chest CT imaging, clinicians should increasingly consider less invasive diagnostic strategies. Modification to the current childhood ILD classification system is needed to better accommodate the growing numbers of cases diagnosed without lung biopsy.
